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The Large Tegument Protein pUL36 Is Essential for Formation of the
Capsid Vertex-Specific Component at the Capsid-Tegument Interface
of Herpes Simplex Virus 1
Wan H. Fan, Ashley P. E. Roberts,* Marion McElwee, David Bhella, Frazer J. Rixon, Rebecca Lauder
MRC—University of Glasgow Centre for Virus Research, Glasgow, United Kingdom
ABSTRACT
Herpesviruses have a characteristic particle structure comprising an icosahedral capsid, which contains the DNA genome and is,
in turn, surrounded by a proteinaceous tegument layer and a lipid envelope. In herpes simplex virus, the interaction between the
capsid and tegument is limited to the capsid vertices and involves twominor capsid proteins, pUL17 and pUL25, and the large
inner tegument protein pUL36. pUL17 and pUL25 form a heterodimeric structure, the capsid vertex-specific component
(CVSC), that lies on top of the peripentonal triplexes, while pUL36 has been reported to connect the CVSC to the penton. In this
study, we used virus mutants with deletions in the genes for pUL36 and another inner tegument protein, pUL37, to analyze the
contributions of these proteins to CVSC structure. Using electron cryomicroscopy and icosahedral reconstruction of mutants
that express pUL17 and pUL25 but not pUL36, we showed that in contrast to accepted models, the CVSC is not formed from
pUL17 and pUL25 on their own but requires a contribution from pUL36. In addition, the presence of full-length pUL36 results
in weak density that extends the CVSC toward the penton, suggesting either that this extra density is formed directly by pUL36
or that pUL36 stabilizes other components of the vertex-tegument interface.
IMPORTANCE
Herpesviruses have complex particles that are formed as a result of a carefully controlled sequence of assembly steps. The nature
of the interaction between two of the major particle compartments, the icosahedral capsid and the amorphous tegument, has
been extensively studied, but the identity of the interacting proteins and their roles in forming the connections are still unclear.
In this study, we used electronmicroscopy and three-dimensional reconstruction to analyze virus particles formed bymutants
that do not express particular interacting proteins. We show that the largest viral protein, pUL36, which occupies the layer of
tegument closest to the capsid, is essential for formation of structurally normal connections to the capsid. This demonstrates the
importance of pUL36 in the initial stages of tegument addition and provides new insights into the process of virus particle as-
sembly.
The herpes simplex virus type 1 (HSV-1) virion is composed ofan icosahedral capsid, which contains the DNA genome, sur-
rounded by tegument and bounded by an envelope (1). The teg-
ument is a proteinaceous layer of variable dimensions and com-
position that is characteristic of herpesviruses. In HSV-1 it
contains more than 20 proteins (2), which are sometimes subclas-
sified as components of an inner and outer tegument. The first
stage of HSV-1 virion morphogenesis is the assembly of procap-
sids in the nuclei of infected cells (3, 4). The viral genome is pack-
aged into the procapsid through a unique portal vertex (5–7). This
process triggers a procapsid-to-capsid transition duringwhich the
capsid shell adopts a stable more angular structure (8, 9). DNA
packaging is dependent on the presence of several capsid/packag-
ing proteins, which either are minor components of the capsid or
associate transiently with the portal during DNA packaging (10,
11).DNA-containing capsids (C-capsids) exit from the nucleus by
budding through the nuclear envelope, which releases them into
the cytosol (12). Tegument addition seems to be a multistep pro-
cess (12–14). Proteins of the inner tegument, principally pUL36
and pUL37, which are closely linked with the capsid, appear to be
added shortly after the capsid exits from the nucleus. The outer
tegument proteins are thought to accumulate predominantly at
vesicles derived either from the trans-Golgi network (TGN) or
from endosomal membranes, where they associate with the viral
glycoproteins. Envelopment occurs when the capsid plus inner
tegument buds into these vesicles (15–18). The targeting of the
outer tegument and envelope proteins to the cellular membranes
does not depend on the presence of capsids, as L-particles, which
consist of enveloped tegument, are still assembled under condi-
tions where capsid formation is blocked (19, 20). Although the
inner tegument proteins pUL36 and pUL37 are closely associated
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with capsids, they are also present in L-particles (20–22), and it has
been established that pUL36 can target pUL37 to the TGN in the
absence of capsids (23). Analysis of deletion mutants has shown
that pUL36 and pUL37, which interact with each other (24, 25),
aremutually codependent for incorporation into L-particles, sug-
gesting that they normally occur as a complex in virus particles
(20). In HSV-1, pUL36 and pUL37 are both essential for virion
assembly, and virusmutants in which either gene has been deleted
accumulate large numbers of nonenveloped capsids in the cyto-
plasm of infected cells (20, 26, 27).
Unlike the capsid, which has a defined structure, the tegument
and envelope are highly variable among HSV-1 virions. This was
illustrated by icosahedral reconstructions of frozen hydrated viri-
ons, which revealed the capsid but failed to show the bulk of the
tegument and envelope (28), and by tomographic reconstruction
which directly illustrated the nonuniform nature of the tegument
and envelope (29, 30). The nature of the interaction between the
capsid and tegument differs among the alpha, beta, and gamma
herpesviruses (28, 29, 31–35), and in HSV-1 (an alphaherpesvi-
rus), consistent interaction appears to be confined to the region
around the capsid vertices. Comparison of three-dimensional
(3D) reconstructions of intact HSV-1 virions and nuclear B-cap-
sids revealed the presence of additional density at the capsid ver-
tices in virions (28, 29). These star-shaped densities, which extend
from the top of the penton to the adjacent triplexes and hexons,
were originally considered to be tegument. The behavior and
properties of pUL36 and pUL37 suggested that they act as a bridge
linking the capsid and tegument, and pUL36 was initially pro-
posed as the most likely contributor to this “tegument” material
(28). Subsequently, several studies that examined nuclear C-cap-
sids have reported that theminor capsid/DNA packaging proteins
pUL17 and pUL25 make up part of this material and form the
arms of the star (36–38). The pUL17/pUL25 density, which was
initially designated the C-capsid specific component (CCSC), was
later shown to be also present on A- and B-capsids and was con-
sequently renamed the capsid vertex-specific component (CVSC)
(11). It has also been shown to be present in capsids of another
alphaherpesvirus, pseudorabies virus (PrV) (39). The locations of
pUL17 and pUL25 were determined by reconstructing mutated
forms that had protein tags inserted into defined positions (11,
37–39). This suggested that pUL25 formed the portion of the
CVSC located distal to the capsid vertex, with pUL17 making up
the proximal component. Analysis of the protein composition of
the nuclear capsids examined in these studies suggested that
pUL36 did not contribute to the CVSC density (38). However, a
subsequent study, which examined chemically stripped virions,
reported that pUL36 did contribute to the larger density seen in
virions, where it formed the hub of the star occupying a position
over the pentons (40).More recently, high-resolution reconstruc-
tion of mature gammaherpesvirus (Kaposi’s sarcoma-associated
herpesvirus [KSHV]) virions has produced a different interpreta-
tion by revealing that the distal part of the archetypal CVSC that
sits above the two triplexes (Ta and Tc in reference 41) is formed
by the KSHV homologue of pUL17, with the pUL25 homologue
occupying a position on top of the penton (35). This essentially
inverts the positions of these two proteins from those proposed in
the earlier studies.
Although much recent work has gone into clarifying the roles
of pUL17, pUL25, and pUL36 in forming this star-shaped density,
questions remain over their spatial organization and the nature of
their interactions. In this study, we further investigated the con-
tributions of pUL36 and pUL37 by examining the structure and
composition of capsids produced by UL36-null and UL37-null
mutants.
MATERIALS AND METHODS
Cells and viruses. Baby hamster kidney cells (BHK-21), control and
pUL34-expressing Vero cells (143/1099E), and rabbit skin (RS) cells ex-
pressing pUL36 (HAUL36) and pUL37 (80CO2) were cultured as de-
scribed previously (20, 42). Briefly, cells were grown at 37°C in either
Dulbecco’s modified Eagle medium (DMEM; Gibco-Invitrogen) supple-
mented with 10% fetal calf serum (FCS; Gibco-Invitrogen) or Glasgow
minimum essential medium (GMEM; Gibco-Invitrogen) supplemented
with 10% newborn calf serum (NCS; Gibco-Invitrogen) and tryptose
phosphate broth (TPD; E & O Laboratories).
Wild-type HSV-1 (strain 17) was propagated on BHK-21 cells. The
UL36-null (ARUL36 and KUL36), UL37-null (FRUL37), and UL34-
null (vRR1072) mutants were propagated on HAUL36, 80CO, and 143/
1099E cells, respectively (20, 42). Cells were infected at 0.01 PFU per cell
and incubated until the cells detached from the substrate. Virions were
concentrated from the culture medium by centrifugation at 17,000  g
for 2 h.
Antibodies. The following antibodies against HSV-1 structural pro-
teins were used: mouse monoclonal antibody (MAb) DM165 against the
major capsid protein pUL19 (VP5) (43); MAb203 and MAb166 against
the CVSC proteins pUL17 and pUL25, respectively (44); MAbE12-E3
against the inner tegument protein pUL36 (45); and rabbit polyclonal
antibody M780 against the inner tegument protein pUL37 (46). Horse-
radish peroxidase-conjugated goat anti-mouse (GAMHRP) and goat anti-
rabbit (GARHRP) antibodies were from Sigma.
Capsid purification.Capsidswere prepared essentially as described by
Roberts et al. (20), except that the cells were harvested after 16 h of incu-
bation at 37°C.
Western blot analysis. Protein samples were separated by electropho-
resis on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels. Bands
were transferred to Hybond ECL nitrocellulose membranes (GE Health-
care) using a semidry transfer station (Bio-Rad). Blots were blocked over-
night with 5%milk powder (Sigma) in TBS-Tween (0.02MTris-HCl [pH
8], 0.15 M NaCl, 1% Tween 20) and then incubated in the appropriate
antibodies diluted in TBS-Tween. Detection of proteins was through en-
hanced chemiluminescence (ECL; GE Healthcare) on medical X-ray film
(Fuji).
Electronmicroscopy.Thirty-five-millimeter dishes of cells were fixed
with 2.5% glutaraldehyde and 1% osmium tetroxide. Fixed cells were
harvested and pelleted through 1% SeaPlaque agarose (Flowgen). The cell
pellets were dehydrated through a graded alcohol series and embedded in
Epon 812 resin. Thin sections were cut and examined in a JEOL 1200 EX
II electron microscope.
Data acquisition and 3D image reconstruction of purified capsids.
Purified capsids (3 l) were applied to holey carbon grids (Quantifoil)
coated with a thin carbon film and then were plunged into liquid ethane
cooled in a liquid nitrogen bath using a Vitrobot (FEI Eindhoven). Grids
were viewed at 100 K on a JEM2200 FS electron microscope equipped
with a Gatan 626 cryostage. Energy-filtered images were collected at a slit
width of 20 eV at a magnification of40,000 and an electron dose of8
e/A2 using an Ultrascan 4000 charge-coupled-device (CCD) camera
(Gatan). Micrographs were recorded using Digital Micrograph software
(Gatan) at a sampling rate determined at 2.66 Å/pixel. Screening, particle
picking, and contrast transfer function (CTF) correction were carried out
using the Bsoft image processing package (47). Each micrograph was vi-
sually assessed for aberrations. The defocus of selected micrographs was
estimated and individual particles were picked. CTF correction was per-
formed and particle images were prepared for 3D reconstruction using
SPIDER to removing low-frequency gradients, center particles, and invert
their contrast (48). PFT2was used to determine and refine the orientation
pUL36 Inﬂuences CVSC of HSV-1
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and origin of individual particles through iterative projection matching
(49). The particle images were then used to generate a 3D reconstruction
using EM3DR2 (50, 51). The refinement process was iterated until the
calculated resolution of the resultingmapno longer improved. Resolution
assessment was performed by dividing the data into two equal subsets
fromwhich two reconstructionswere calculated; a fuzzymaskwas applied
such that only density between radii of 450 and 590 Å from the origin was
analyzed (capsid and tegument layers). Resolution was estimated by Fou-
rier shell correlation (FSC) with a cutoff of 0.5. The map resolutions and
numbers of particles used for each reconstruction are listed in Table 1. 3D
reconstructions were visualized using the UCSF Chimera software pack-
age (52). Unless otherwise stated, all capsids are shown at a contour level
above the mean plus one standard deviation of the total map density
(1 	).
Comparisons of mutant capsids with the HSV-1 B-capsid. The dif-
ferences in the densities were observed by superimposing mutant capsid
reconstructions onto an HSV-1 B-capsid map. The HSV-1 B-capsid re-
construction was rendered from the EMDB-5660 map published by
Homa et al. (39). A low-pass filter from the EMAN image processing
program proc3d (53) was used to filter the B-capsid map to 21 Å. The
resulting map was surface contoured and colored gray. Radially colored,
mutant capsid maps, also generated at 21 Å, were superimposed onto the
B-capsid reconstruction and visualized using UCSF Chimera.
Segmentation of mutant capsid reconstructions. Each capsid recon-
struction was computationally segmented using the UCSF Chimera ex-
tension Segger (54) at three threshold settings (1 	, 0.5 	, and 0.2
	). One set of triplexes (Ta and Tc), two penton subunits, and the vertex-
associated (CVSC) density were manually selected and colored from each
reconstruction and for each threshold setting. All remaining segments
were deleted. Isolated structures were visualized using UCSF Chimera.
RESULTS
Formation of the archetypal CVSC requires the presence of the
inner tegument protein pUL36. After they have left the nucleus,
cytoplasmic C-capsids become tegumented and enveloped to
formmature virions. To analyze the sequence of events occurring
during tegument addition, we determined the structures of cyto-
plasmic C-capsids prepared from BHK cells infected with wild-
type (WT)HSV-1 and two inner tegumentmutantswith complete
deletions of the UL36 (ARUL36) and UL37 (FRUL37) genes
(20). Previously, we reported problems with isolating cytoplasmic
C-capsids from cells infected for 24 h withWT and FRUL37 due
to aggregation of the partially tegumented capsids (20). To over-
come these problems, we prepared capsids at 16 h after infection,
when the concentration of cytoplasmic capsids was lower. C-cap-
sids were isolated on sucrose gradients, and electron cryomicro-
scopic images were collected. The majority of the capsids in these
preparationswereC-capsids, which could be readily distinguished
from contaminating A- and B-capsids, which lack DNA (see Fig.
S1A in the supplemental material). 3D reconstructions were gen-
erated to final resolutions of 20 Å for the WT and 18 Å for
ARUL36 and FRUL37. As expected, the structures of all three
showed typical capsid features with hexons, pentons, and triplexes
arranged on a T
16 icosahedral lattice, and no differences were
apparent between themother than at the capsid vertices, which are
known to be sites of interaction between capsid and tegument
(Fig. 1A; see also Fig. S1B). Comparison with the nuclear B-capsid
revealed additional densities on the outer surface of the capsids
occupying the space between the P-hexons that surround the pen-
ton (Fig. 1B). TheWT and FRUL37 structures closely resembled
each other, with relatively extensive additional densities that are
arranged in a radial pattern around the vertices. In contrast, the
additional densities in ARUL36, although occupying similar po-
sitions, were much smaller. The presence of additional “star-
shaped” densities at the vertices of intact virions is well established
(28), and they are thought to be composed of the minor capsid/
packaging proteins pUL17 and pUL25 and the inner tegument
protein, pUL36. pUL36 has been reported to account for the in-
ner, penton-capping hub of the star (40), with pUL17 and pUL25
making up the CVSC, which corresponds to the outer arms of the
star (36, 39). Although the vertex-associated densities of the WT
and FRUL37 cytoplasmic C-capsids were similar to the arche-
typal CVSC previously described for WT nuclear C-capsids (11,
36–38), those present in ARUL36 were significantly smaller. For
convenience, we refer here to all forms of vertex-associated addi-
tional density as CVSC.
pUL17 and pUL25, which make up the CVSC, are essential for
packaging and retention of DNA in capsids. Therefore, the greatly
reduced size of the CVSCs found on ARUL36 capsids was sur-
prising, as both the component proteins would be expected to be
present on DNA-containing C-capsids. The small size of the
CVSC in these cytoplasmic C-capsids suggests either that the ar-
chetypal CVSC seen on WT nuclear C-capsids contains, or is sta-
bilized by, pUL36 or that theUL36mutant capsids contain altered
amounts of pUL17 and pUL25. To investigate the latter possibil-
ity, we examined the protein composition of the capsids byWest-
ern blotting (Fig. 2). Increasing amounts of each capsid prepara-
tion were probed with antibodies against pUL17, pUL19, pUL25,
pUL36, and pUL37. As expected, pUL36 and pUL37 were not
detected in the ARUL36 and FRUL37 samples, respectively.
ARUL36 capsids also lacked pUL37, thereby confirming that
complex formation with pUL36 is required for addition of pUL37
to capsids (55). pUL36 and pUL37 were both present in WT cap-
sids, but the amounts were appreciably lower than inWT virions.
Importantly, the amounts of pUL17 and pUL25 inARUL36 cap-
sids were similar to those for theWT and FRUL37, thereby dem-
onstrating that the reduced size of the CVSC was not caused by
loss of either of these proteins.
To confirm that the smaller CVSC was directly related to the
lack of pUL36, the experiment was repeated using an independent
HSV-1 strain KOS mutant, KUL36 (26). KUL36 has an inter-
nal deletion which removes 3,600 bases from an internal region of
theUL36 open reading frame. This incomplete deletion allows the
expression of the N-terminal 361 amino acids of pUL36 (20, 26).
Despite this difference, the phenotype of KUL36 resembles that
of the complete deletion in ARUL36, with accumulation of cy-
TABLE 1 Numbers of capsids selected for each virus and resolution of
each reconstruction
Virus Type of capsid Resolution (Å) No. of particles
WT Cytoplasmic 21 1,149
Nuclear 24 475
ARUL36 Cytoplasmic 18 3,258
Nuclear 23 1,056
KUL36 Cytoplasmic 19 2,608
FRUL37 Cytoplasmic 18 2,132
Nuclear 22 658
vRR1072 Nuclear 21 836
Fan et al.
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toplasmic C-capsids but no progression to envelopment or for-
mation of mature virions. KUL36 cytoplasmic C-capsids were
prepared, imaged, and reconstructed to a final resolution of 19 Å
using the conditions and procedures described above. Compari-
sonwith theWTB-capsid again showed additional densities at the
vertices which were similar to those in ARUL36 and much
smaller than those in WT or FRUL37 C-capsids (Fig. 3). The
close similarities between the KUL36 and ARUL36 structures
implies that the unexpectedly small size of their CVSCs is not
mutant or virus strain specific but is directly related to the absence
of full-length pUL36.
Structural comparison of CVSCs fromnuclear and cytoplas-
mic capsids. The apparent requirement for pUL36 was unex-
pected, since it was not believed to contribute to the CVSC density
(38, 39). As this analysis was carried out on cytoplasmic capsids,
one possibility is that the CVSC becomes destabilized during pas-
sage of capsids across the nuclear envelope and reforms in the
cytoplasmonly if pUL36 is present. Todeterminewhether thiswas
the case, nuclear C-capsids were prepared and reconstructed to
final resolutions of 24 Å for the WT and ARUL36 and 22 Å for
FRUL37. In each case the structure recapitulated that seen for
cytoplasmic C-caspids, with normal-size CVSCs in the WT and
FRUL37 but a smaller CVSC in ARUL36 (Fig. 1C). Thus, it
appears that the effects seen in this study are not related to the
subcellular origin of the capsid but are intrinsic to the mutants
analyzed. These results imply that the presence or absence of
FIG 1 Comparison of CVSC densities in HSV-1 WT and mutant virus capsids. A region around the vertex (indicated by the white square in Fig. S1B in the
supplemental material) of icosahedrally reconstructed C-capsids purified from the cytoplasm (A and B) or nucleus (C) of cells infected with WT HSV-1 or the
inner tegument deletion mutants ARUL36 and FRUL37 is shown. Panels A and C are shown radially colored. Panel B shows the cytoplasmic C-capsid maps
in panel A superimposed on a B-capsid map (shown in gray). The locations of the penton (5), one of the five peripentonal hexons (P), and a Ta and Tc triplex
are marked on the WT image in panel A. Each black arrowhead indicates the position of one CVSC density. Scale bar
 50 Å.
pUL36 Inﬂuences CVSC of HSV-1
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pUL36has a direct effect on the nature of theCVSCdensity and, in
addition, that this effect is realized in both the nucleus and the
cytoplasm. However, the role of the inner tegument proteins in
maturation of nuclear capsids remains controversial, and the pos-
sibility of cross-contamination with capsids from the cytoplasm
cannot be ruled out. Such contamination would not be unex-
pected given the relative crudity of the method used for nuclear
isolation. Indeed, cosedimentation of WT and FRUL37 cyto-
plasmic capsids with isolated nuclei had been reported to account
for the poor yields seen in previous analyses (20). To investigate
this, we employed a gene UL34 deletion mutant of HSV-1
(vRR1072) (42). Together with its binding partner pUL31, pUL34
is essential for primary envelopment of capsids. Capsid assembly
and DNA packaging occur normally in the absence of pUL34, but
the capsids are retained in the nucleus and have no exposure to
cytoplasmic modifications (42). Both pUL31 and pUL34 become
transiently associated with perinuclear virions during nuclear
egress but are not components of the mature virion (56, 57). To
confirm the block on nuclear egress, we examined the distribution
of capsids in thin sections of infected cells. Cells were infected at
37°C with 5 PFU/cell of vRR1072 for 20 h and then fixed and
prepared for electronmicroscopy as described previously (20). As
expected, capsids were present in both the nucleus and cytoplasm
in UL34-expressing Vero (143/1099E) cells (see Fig. S2A in the
supplemental material) but were seen only in the nucleus in con-
trol Vero (see Fig. S2B) and BHK (see Fig. S2C) cells. Therefore,
C-capsids were isolated from the nuclei of vRR1072-infected BHK
cells and reconstructed to a final resolution of 22 Å. As with all the
other types of C-capsid described here, vRR1072 capsids had
CVSC density around the vertices. In this case, the density was
intermediate in size between the archetypal WT and FRUL37
CVSCs and the small CVSCofARUL36. This is clearly illustrated
by the maps shown in Fig. 4. The appearance of the CVSC after
superimposition of the vRR1072 map on those of the B-capsid
(Fig. 4A) and the ARUL36 capsid (Fig. 4B) was identical, reflect-
ing the small size of the ARUL36 CVSC density, which is com-
pletely contained within that of vRR1072. Similarly, the maps of
vRR1072 compared with those of theWT (Fig. 4C) and FRUL37
(Fig. 4D) are essentially the same. However, in these cases theWT
and FRUL37 CVSCs are considerably more extensive than that
present in vRR1072, with the additional densities representing the
proximal part of the CVSC, which extends toward the penton.
As has been noted previously, the icosahedrally ordered vertex
densities seen in reconstructions of intact virions are not large
enough to account for all the mass of the tegument proteins that
are thought to be involved (28, 40). The presence of less ordered
parts of the proteins, which are evident in density maps of the
capsid vertices (see Fig. S3 in the supplemental material), makes
the appearance of theCVSC as displayed by surface representation
sensitive to the threshold at which they are viewed. Lowering the
density threshold from the mean 1 	 to the mean 0.2 	 had
little effect on the appearance of the ARUL36 (Fig. 5) and
KUL36 (data not shown) CVSCs, which remained small and
never approached the size of the archetypal CVSC seen on nuclear
C-capsids (36). In contrast, reducing the threshold of theWT and
FRUL37 capsid maps resulted in large increases in the size of the
CVSC, which extended much further in the direction of the pen-
FIG 2 Protein compositions of HSV-1WT andmutant virus capsids as deter-
mined by Western blot analysis of cytoplasmic C-capsids purified from the
cytoplasm of cells infected with WT HSV-1 or the inner tegument deletion
mutants ARUL36 and FRUL37. Serial 2-fold dilutions of each sample were
run on a 10% polyacrylamide gel and transferred to Hybond ECL nitrocellu-
lose membranes for analysis. Equal amounts of purified WT virions were
loaded for comparative purposes. Proteins were visualized using antibodies
MAbE12-E3 (pUL36), M780 (pUL37), MAb203 (pUL17), and MAb166
(pUL25). Themajor capsid protein pUL19wasmonitored as a loading control
using antibodyDM165. The positions ofmolecular weight standards (in thou-
sands) are indicated to the right of each panel.
FIG 3 CVSC densities on capsids of two unrelated UL36 deletion mutants. The icosahedrally reconstructed structure of C-capsids purified from the cytoplasm
of cells infected with the UL36 deletion mutant KUL36 is shown radially colored (A) and superimposed on a B-capsid map (shown in gray) (B). To allow
comparison, the superimposed ARUL36/B-capsid map from Fig. 1B is shown again as panel C. The locations of the penton (5), a peripentonal hexon (P), and
a Ta and Tc triplex are marked on panel A. Each black arrowhead indicates the position of one CVSC density. Scale bar
 50 Å.
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ton (Fig. 5). Interestingly, this was not the case for vRR1072 cap-
sids, where the CVSC showed only a marginal increase in size at
the lower threshold (Fig. 5).
DISCUSSION
Despite their importance for virion assembly, the precise role of
the inner tegument proteins, pUL36 and pUL37, in capsid matu-
ration remains unclear. Their possible association with capsids
inside the nucleus is uncertain, as is their likely role in nuclear
egress (20, 26, 27, 58–60), although mutant studies have shown
that DNA-containing capsids can move to the cytoplasm in the
absence of pUL36 and pUL37. Both pUL36 and pUL37 are essen-
tial for virion assembly in HSV-1 and play a central role in the
interaction between capsid and tegument. The initial aim of this
studywas to use virusmutantswith deletions ofUL36 andUL37 to
investigate the contribution of these proteins to the ordered tegu-
ment density at the capsid vertices, which represents the only
structurally resolvable link between these two virion compart-
ments. Previous analyses appeared to show that pUL17 and
pUL25 formed the density (CVSC) that is present on nuclear C-
capsids (36–39, 61). pUL36 was thought to be involved only in
virions, where it occupied a position overlying the penton adja-
cent to the region occupied by the CVSC (40). However, all pre-
vious studies have used WT viruses that express functional forms
of these two proteins. In order to confirm this interpretation, we
analyzed virus mutants with deletions of UL36 and UL37.
The small size of theCVSCs seen inmultiple reconstructions of
C-capsids fromARUL36 and the unrelatedmutantKUL36was
surprising for two reasons: it was not large enough to accommo-
date the combinedmasses of its reported constituents, pUL17 and
pUL25, and it suggested that pUL36 did play a role in forming this
structure. Furthermore, the small CVSC was observed in recon-
structions of both nuclear and cytoplasmic C-capsids, which ad-
ditionally implied that pUL36 interacts with capsids in the nucleus
as originally proposed by Bucks et al. (59). Since the ARUL36
cytoplasmic C-capsids contained normal amounts of pUL17 and
pUL25, the difference in CVSC conformation could not simply be
attributed to changes in its protein composition. Work by Leela-
wong et al. (62) suggests a possible explanation for this behavior.
They reported that in PrV, a truncated form of pUL36 enters the
nucleus, binds to the capsid, and facilitates capsid egress to the
cytoplasm. On leaving the nucleus, the truncated isoform is re-
FIG 4 C-capsids confined to the nucleus have an intermediate-size CVSC. C-capsids purified from the nuclei of cells infected with the UL34 deletion mutant
vRR1072 were icosahedrally reconstructed. Superimposedmaps are shown between the vRR1072map and those of a B-capsid (A) and cytoplasmic C-capsids of
ARUL36 (B), the WT (C), and FRUL37 (D). The B-capsid and ARUL36 maps are shown in gray in panels A and B, respectively, while the vRR1072 map is
shown in gray in panels C andD. The excess densities that are shown radially colored belong to vRR1072 (A andB), theWT (C), and FRUL37 (D). The locations
of the penton (5), a peripentonal hexon (P), and a Ta and Tc triplex are marked on panel A. Each black arrowhead indicates the position of one CVSC density.
Scale bar
 50 Å.
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placed on capsids by full-length pUL36, which directs the cyto-
plasmic stages of virion assembly. The form associated with nu-
clear capsids was identified as a C-terminal fragment by using
specific green fluorescent protein (GFP) tags and was mapped as
corresponding to the 1,077 C-terminal residues. The C-termi-
nal region of pUL36 is known to contain binding sites for pUL25
(63, 64), and pUL25 was shown to be required for binding of the
pUL36 C-terminal fragment to capsids (62). Assuming that
FIG 5 CVSC density onWT and FRUL37 capsids is threshold sensitive. The WT virion maps are reproduced from Fig. 4 of reference 28. The original images
have been flipped 180° to show them in the correct hand. The left side shows one vertex from an icosahedrally reconstructedWTHSV-1 virionmap, comprising
the penton (red), surrounding P hexons (blue) and Ta and Tc triplexes (green), and the star-shaped CVSC/tegument density (yellow). The right side shows an
enlarged side view of one CVSC/tegument density with two associated penton subunits and triplexes Ta and Tc. Equivalent regions from the WT, ARUL36,
vRR1072, and FRUL37 cytoplasmic C-capsidmaps are shown similarly colored for comparison. The C-capsidmaps are shown at thresholds above themean
1 	, mean 0.5 	, and mean 0.2 	 (from left to right, respectively). Scale bar
 50 Å.
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pUL36 in HSV-1 behaves in a fashion similar to that of its PrV
counterpart, an equivalent C-terminal fragment would be ex-
pected to enter the nucleus and bind to capsids before being dis-
placed by full-length pUL36 following egress to the cytoplasm.
Such a fragment would be difficult to identify in stained protein
profiles of the HSV-1 nuclear capsids, which may explain why its
possible role in the CVSCwas not suspected. Under these circum-
stances, the C terminus of pUL36 could contribute directly to the
ordered density of the CVSC or, by binding to pUL25, could sta-
bilize the conformation of the pUL17-pUL25 complex, making
the CVSCmore readily visualized in icosahedrally ordered recon-
structions. This would explain the relatively large CVSC density
seen with capsids from viruses that express full-length pUL36
(WT, FRUL37, and vRR1072) compared to that seen with vi-
ruses that lack the pUL36 C-terminal sequences (ARUL36 and
KUL36). As mentioned earlier, KUL36 has an incomplete de-
letion of UL36 and retains the 361 N-terminal codons of UL36
(26). The retainedUL36 sequences are expressed as a 43-kDa frag-
ment that was shown to bind to cytoplasmic capsids (20). How-
ever, the close similarity between the structures of ARUL36 and
KUL36 capsids shows that these N-terminal sequences do not
detectably influence the CVSC density. This is consistent with the
hypothesis that only the C-terminal sequences of pUL36 are in-
volved and suggests that the N-terminal region is not icosahe-
drally ordered or is interacting with a different part of the capsid.
The results described here raise questions regarding previous
interpretations of the nature of the CVSC. The small size of the
density seen on ARUL36 and KUL36 capsids indicates that
pUL17 and pUL25 alone do not account for the published struc-
tures and generates uncertainty over the relative positions and
arrangement of these two proteins. It is interesting, therefore, that
a recent study on KSHV virions reported a significantly different
interpretation of the penton associated density than that previ-
ously suggested forHSV and PrV (36–39, 61). By fitting the crystal
structure of HSV-1 pUL25 (65) into their KSHV virion map, Dai
et al. (35) were able to establish that the KSHV homologue of
pUL25 formed a globular density bound to the penton. Further-
more, good correlation between the predicted secondary structure
of the pUL17 homologue and their densitymap strongly indicated
that the pUL17 homologue formed the entire triplex binding den-
sity. The two globular densities were connected by a stalk region
formed by aligned helices originating from the N-terminal se-
quences of pUL25 and from an unidentified third protein. Given
the influence of pUL36 on the appearance of the CVSC, which we
describe here, it seems highly probable that these unidentified
stalk helices derive from pUL36, most likely from the C-terminal
region, which is known to interact with pUL25 (62–64). Although
our results show that pUL36 is not needed for pUL17 and pUL25
to bind to C-capsids, it is reasonable to speculate that interaction
between the pUL25 and pUL36 stalk helices stabilizes the struc-
ture of the bound complex and allows it to be visualized.
For WT and FRUL37 cytoplasmic C-capsids, altering the
threshold at which the reconstructions are displayed causedmajor
changes to the appearance of the CVSC, which extended further
toward the penton. The convergence of the WT and FRUL37
capsid maps toward the pattern seen with intact virions (28) sug-
gests that these capsids contain additional material, which is pres-
ent in virions but missing in the other capsid types analyzed. The
obvious candidate is full-length pUL36, which was present on
both WT and FRUL37 capsids. The region of the CVSC proxi-
mal to the penton typically appears as weak density, suggesting
that it is relatively disordered. It is probable that further interac-
tions with pUL36 (60, 64), which has been reported as forming a
cap over the penton (40), are involved in stabilizing it. The lack of
precision in the maps makes it impossible to determine whether
pUL37 also contributes to this feature, but the overall similarity
between the WT and FRUL37 maps suggests that any contribu-
tion would be small.
The structures of the mutant and WT capsids described here
provide a working model for the initial stages of tegument-capsid
interaction. Thus, pUL17 and pUL25 bind to the capsid inside the
nucleus to form a proto-CVSC (as seen on ARUL36 and
KUL36 capsids), most of which is not arranged in an icosahe-
drally consistent manner. DNA-containing capsids of this form
can leave the nucleus and enter the cytoplasm. However, in the
presence of a functional UL36 gene, nuclear capsids containing
the proto-CVSC interact with a C-terminal fragment of pUL36 to
produce themore stable CVSC structure seen in vRR1072 capsids.
These capsids then enter the cytoplasm, where the C-terminal
pUL36 fragment is displaced by full-length pUL36 to produce the
larger, and threshold sensitive, CVSC seen in WT and FRUL37
C-capsids. WT C-capsids then undergo further tegumentation
and envelopment, which results in the formation of the star-
shaped vertex density seen in intact virions. To confirm thismodel
and determine whether pUL36 actually forms part of the CVSC
will require higher-resolutionmaps capable of revealing the struc-
tural signatures of the individual proteins involved.
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